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FORE WORD 
This Phase 11 Interim Report was prepared for  the California 
Institute of Technology, J e t  Propulsion Laboratory, Pasadena, California. 
The report  was prepared by the Power Systems Division of TRW Systems 
Group, TRW, Inc., and i s  submitted in accordance with the provisions 
of JPL Contract 952023. 
d - 
The Phase I1 effort was conducted during the period of 3 April 
through 2 May 1968. Technical aspects of the contract were adminis- 
tered by Mr. R. S. Rogero, Senior Research Engineer for  the J e t  
Propulsion Laboratory. 
ment of TRW Systems' Power Systems Division was responsible for 
implementing the contract. 
D r s .  R. F. Wuerker and L. 0. Heflinger of TRW's Physical Electronics 
Laboratory developed the pulsed laser  holography technology and directed 
the holographic test  activities. 
The Chemical Propulsion Technology Depart- 
The Program Manager is Mr. €3. J. Matthews. 
Mr. R. A. Eriones was responsible for the operation of the holo- 
camera at the JPL Edwards Test Station site. 
support were again provided by the Northrop Corporation staff at the 
JPL/ETS facility. 
Rocket testing and general 
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1. INTRODUCTION 
Pulsed ruby laser  transmission holograms have been recorded of the 
hypergolic combustion of fuel and oxidizer s t reams within 3-inch inside 
diameter rocket engines with transparent walls. The walls were either 
acrylic cylinders o r  all steel  walls with 1-inch diameter pyrex glass  win- 
dows mounted on bosses. 
cases caused poor visibility of the reconst.ructed event. The pyrex win- 
dows were too smal l  to gain meaningful information, beyond proving the 
superiority of glass walls over acrylic. The engines were  elementary in 
that they consisted of a single pair (unlike doublet) of equal s ize  injector 
orifices and a cylindrical combustion chamber section of 3-inch inside 
diameter and 6-inch length, and a nozzle throat of either 0.919-inch 
or  1.60-inch diameter. 
o r  0.0986-inch diameter, Propellant combinations included N 2 0 4  - 0.5 ' 
NzH4/ 0.5 UDMH and FNA-UDMH; in both cases initial temperatures were 
controlled by either precooling or preheating. Holograms with the acid- 
UDMH combination and the smaller (0.099 inch) injector orifices were of 
best  quality because of the lighter erosion of the acrylic walls. 
' 
The acrylic eroded appreciably, and in many 
The injector orifices were either 0.173-inch 
Strong attenuation of the 0 . 6 9 ~  laser  radiation by the combustion 
phenomena made the holography very difficult. 
beam was  of the order of 500, 
tensity had to  be mismatched initially so  as to realize near unit ratios at 
the hologram plane under combustion conditions. 
finally to some very beautiful and gratifying holograms. 
The attenuation of the scene 
This meant that reference-scene beam in- 
Trial  and e r r o r  led 
The holographic equipment was  physically the same as that used for 
Phase I of the program. 
beam ratios, decreasing the expansion of primary laser  beam, and de- 
creasing the amount of diffusion of the scene beam light. 
Modification included increasing scene-reference 
Holograms were recorded on Agfa Gevaert glass photographic plates 
The latter emulsion coated with either the Agfa 10E75 or 8375 emulsions. 
was only a factor of two less  sensitive, and because of i ts  higher resolution, 
produced holograms with better contrast ratios. 
non-antihalated. 
the quality of reconstructed images could have been degraded. 
laser photographs of combustion were recorded on Eastman SO243 film. 
The plates were received . 
No antihalation coatings were added, with the result that 
In addition, 
- 1- ... 
2. SUMMARY OF RESULTS 
Phase II consisted of 50 separate engine firings, numbered consecu- 
tively from B1123-Bl172. 
tures,  and pressures  were varied, orifice sizes changed, nozzle diameters 
changed, holocamera scene-reference beam ratio changed (optimized), 
hologram recording media interchanged, etc. 
of different conditions, the program also included two direct  laser-  
illuminated photographs of an  open flame test, and one hologram of open 
flame combustion. 
tempted. 
During this test period, propellant tempera- 
In addition to the holography 
Also, two true double-expbsed holograms were at-  
Both failed for lack of stability. 
The f i r s t  successfulhologram - of confined combustionwas RunNo. B1141. 
After this, 25 holograms of excellent to satisfactory quality and content 
were recorded under a wide variety of adverse operating conditions 
(i. e., run numbers B1141 to B1164, and B1166). Of all the holograms 
recorded, the following a r e  singled out as being of exceptional quality: 
B1141 (historically important since it was the first successful recording 
and served to demonstrate feasibility), B1149, B1150, B1154, B1157, 
B1158, B1161, B1162, and B1163. The last (B1163) was  one in which 
two 1-inch diameter flat pyrex windows in a steel  chamber were used 
instead of the normal acrylic cylinders. 
two photographs (i. e .  , Runs B 1168 and B 1169) of combustion within an  
acrylic chamber were recorded, along with one open flame photograph 
In addition to the 25 holograms, 
(B1172) and one open flame hologram (B1171). 
ruined by fogging (sun, flame-light, or'both) caused by the deactivation 
of the electronic capping shutter. A close-up (Fastex camera) recording 
was made pr ior  to the open flame hologram and photographs (Run B117O). 
For this test, the capping shutter was deactivated. 
leading to the fogging of the plate on the subsequent open flame run (B1171). 
The latter was almost 
It was  not restored, 
The program proved the feasibility of holographing combustion 
within liquid rocket engines with transparent walls.  As a result, it is 
expected that the Phase 1J.I (holography within 18-inch inside diameter 
engines) program should be successful. 
attenuation of the 0.69~ l aser  beam by the combustion phenomean. 
steps needed to counteract this effect were established. 
Phase 11 verified the strong 
The 
J t-; 
. .  - 2- 
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3. TEST APPARATUS 
6 8 - 2 4 5  
3 . 1  LASER HOLOCAMERA 
The laser holocamera used during Phase 11 was basically the same 
It is described in  detail apparatus used in the f i rs t  part of the program. 
in the Phase I Interim Report. (I '  An assembly drawing of the holocamera 
is shown in Figure 3-  I. 
the drawing presented a s  Figure. 3-2 in Reference 1 and illustrates the 
test  apparatus setup used during Phase 11. 
The drawing is essentially an updated version of 
Figure 3 - 1  shows that the laser  holocamera consists of two main 
subdivisions, namely the laser illuminator and- the apparatus for dividing 
and forming the scene and refererice beams (i. e,, the holocamera). The 
illuminator was a conventional Q-switched ruby laser ,  comprised of a 
resonate end mi r ro r ,  a 1/2-inch diameter x 3-3 /4  inch 60-degree ruby 
laser  rod, 
a nitrobenzene Ker r  cell, and a 99 percent multilayer dielectric flat end 
mi r ro r .  
"power" amplifier. 
nanosecond duration pulse of 0.69 micron radiation, 
increased the energy content by about three times without modifying the 
duration. 
* an inner cavity aperture, a Schlieren grade calcite polarizer, 
The ruby l a se r  oscillator was followed by a "one-stage" ruby 
The oscillator generated a typical 1 / 2  joule - 50 ** 
The amplifier 
*.I. .*. .r 1. 
After expansion by a collimating telescope, the beam from the 
laser  was directed into the holocamera. 
by a ' m i r r o r  onto the wedge beam splitter, where i t  was divided into scene 
It was f i r s t  diverted downward 
("R. F. Wuerker and B. J. Matthews, "Phase I Interim Report, Producing 
Holograms of Reacting Sprays in Liquid Propellant Rocket Engines," TRW 
Report No. 68.4712.2-017, 29 February 1968. * 
Product of Union Carbide Electronics, Linde Division, Select Grade. ** 
The amplifier laser  rod was of the same physical size (1/2 inch 
diameter x 3-3/4 inches long) as the one in the oscillator. 
geneity was of low quality, with the result that the light intensity pattern 
was not uniform across  the face of the beam. 
flame fusion ruby. * <:* 
At the beginning of the Phase I1 effort, the - 1/2-centimeter diameter 
beam f rom the ruby l a se r  illuminator was expanded by a Galilean telescope 
consisting of a 5-inch diameter, 24-inch focal length objective, and two 
This is shown in 
Figure 3-1. By the midpoint of the program, one of the 3 centimeter 
collimator. The telescope was recolfimated. In this way laser  beam 
intensity was increased at the expense of special coherence. 
The homo- 
' 
It was an ear ly  Linde SD 
1 adjacent simple negative lenses of -3  cm focal length. 
nkgative lenses-was removed, increasing the amount of light passed by the \ 
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and reference beams. 
off the f i r s t  surface of the wedge and was directed centrally down an 
aluminum pipe ( 6  inches I. D.) which also served a s  the main support 
colurnn for the whole apparatus. 
f rom two front surface m i r r o r s  before being incident upon the hologram 
plate . 
The reference beam was produced by reflection 
The beam was twice more reflected 
The preponderance of the laser  beam passed through the beam 
splitter, onto a front surface mi r ro r ,  and was directed horizontally onto 
a 90-degree roof prism. It  was then directed a t  an angle of 45 degrees 
onto the axis of a pair of large focusing lenses. 
a s  the angle a t  which the reference beam intersected the same lens axis.) 
The l a se r  beam was diffused by a ground glass plate located a t  a distance 
of twice the focal length of the pair of 15-inch diameter focusing lenses. 
The ground glass diffuser and hologram were located a t  the conjugate (1: 1) 
image point. 
lenses by a pair of prismatically cut plastic plates (see enlargement in 
Figure 3-  1). 
direction of the scene beam without increasing the optical path length. 
A second diffuser, ground on both sides, followed the pr ism plate to 
(This angle was the same 
7 
The scattered light was bent down the axis of the focusing 
This pair of elements (called the pr ism plate) changed the 
1 
further diffuse the light. 
The assembly drawing (Figure 3-1) shows that the light scattered 
by the ground glass diffuser and prism plate combination a r e  refocused 
by the 15-inch diameter lenses back onto the hologram. 
complete array of optics (i. e., the holocamera) can be understood by 
tracing a r ay  from the l a se r  source and noting that each scene-reference - 
beam component recombines with itself a t  the plane of the hologram. As 
a result, the scene-reference beams a r e  spatially matched a t  the hologram. 
The action of the 
In addition, the reference path is the same optical distance a s  the 
scene-beam path length. This insures that the scene-reference beams a r e  
. temporally matched. Thus, the holocamera compensates for the limited * spatial and temporal coherence of the Q-switched ruby laser.  
I 
Spatial coherence of the Q-switch ruby laser  used in the present tests i s  
thought to be 20 percent of the laser  beam c ross  section, while temporal 
coherence i s  thought to be - 10 centimeters. 
- 5 -  
As noted above and shown schematically in Figure 3-1, the diffuser 
i and pr i sm plate combination consisted (in the following order)  of a g lass  
plate ground on one side only, the two prismatically machined acrylic 
plates, and another glass plate ground on both sides. 
used throughoutphase f and the beginning of PhaseII, acted to diffuse light 
so that the reconstructions had the appearance of being illuminated from 
behind by a random diffuse source of radiation. 
that shading caused by bars  in the prismatically cut plate could not be 
observed. 
the Phase 11 effort, both diffusing plates were removed. This change was 
necessary because of the severe attenuation of the scene light by combus- 
tion phenomena. 
This combination, 
The diffusion was so good 
These features of the diffuser are noted, since midway through 
Later the plate with the single diffusing surface was 
, replaced behind the prismatically cut beam bender. The single diffuser 
eliminated the "hot sun" effect. In addition, the scene light was diffused 
by the erosion of the cylindrical acrylic combustion chamber walls by the 
corrosive oxidizer streams. 
A 
Figure 3 -  1 shows the solenoid-actuated capping shutter and the 
#< "window-shade" shutter (from a Graflex camera). 
attached to the scene beam port and oriented to transmit the horizontally 
polarized laser  scene light. The polarized light suppresses one-half the 
incoherent background light generated by the flame as well  as sunlight. 
Stray light was further eliminated by a large Corning CS 2-54 red filter. 
A sheet polarizer was 
Not shown in Figure 3 - 1  is the biplanar photodiode used to monitor 
This the relative performance of the Q- switched ruby laser  illuminator. 
was mounted in a housing which attached to the flange, sealing the back 
end of the galvanized pipes in which the laser  was mounted. The biplanar 
diode (i. e., an ITT F W  114A) was connected via a 50 S2 coaxial cable to a 
Tektronix 545 oscilloscope in the main blockhouse a t  the J P L  rocket test  
site (-500 feet away), The electrical schematic of the photodiode circuit 
is shown in Figure 3-2. 
oscilloscope input) is  proportional to the energy emitted by the Q-switched 
laser, Malfunction 
(caused by laser  misalignment) can result in double steps, each of different 
amplitude. 
to Runs B1154 and B1162. 
*Burke and James Inc., Harvasd Ele-ctric Shutter with 8-inch aperture. 
One can see that the voltage acroBs C2 (the 
A single giant pulse thus produces a step oscillogram. 
Sample oscillograms a r e  shown in Figure 3-3;  theee correspond 
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It  was stated ear l ie r  that the successful holography of enclosed 
rocket engine combustion was caused by increasing the scene beam ratio 
to compensate for the extreme scene beam attenuation by the combustion 
phenomena. 
ting glass plates o r  large Kodak Wratten neutral density fi l ters either just  
before the exit side of the support column o r  just before the f i r s t  m i r r o r  
Reference beam intensity was controlled by inserting attenua- 
in the shutter housing (see  Figure 3-1). 
pass point, and doubles the effective density of the attenuation. 
port and reference m i r r o r s  a r e  accessible by removing the side cover 
(see Figure 3-7 of Reference 1). 
The latter location is a double- 
The exit 
The l a se r  was fired by activating the solenoid which released a 
modified Graflex window shade shutter (see Figure 3-8 of Reference 1). 
The open position of the shutter activated a relay which fired the laser 
illuminator. 
The l a se r  illuminator was operated by an electronic console which 
. 
contained the two 375 p F  kapacitor banks which drove the flash lamps 
which purnped the two ruby rodsI the Kerr  cell electronics, the Kerr  cell 
delay generator, the flash lamp firing circuits, and the flash lamp delay 
generator. 
that the functions of charge, stop charge, bank discharge, and laser  firing 
could be executed in the blockhouse a t  JPL-ETS. The oscillator capacitor 
bank was charged to 4. 1 kv (3150 joules), 
charged to 4.4 kv (3640 joules). 
initiated 0.2 millisecond after initiation of current in the oscillator's lamp. 
The Kerr  cell was se t  to open a t  1. 1 millisecond (see Figure 3-2). A 
photograph of the ' laser  console i s  shown in Figure 3-9 of Reference 1. 
The power supply was connected to'a remote control panel so 
while the amplifier was 
Current to the amplifier flash lamp was 
A water cooling system with a circulating centrifugal pump served 
The cooling system was to cool both the oscillator and amplifier rubies. 
set  to maintain -13OC water temperature, The Tygon water lines were 
insulated to minimize water heating between the cooling eystem and the 
laser housing. A photograph of the unit i s  shown in Figure 3-10 of 
Reference 1. 
-9- 
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Figure 3-1 shows a telescope and periscope mounted orl the l a se r  
tank. 
The telescope was a dark field autocollimator with an  internal point light 
source created by a Zirconium a r c  lamp, After the alignment operation 
was completed, the periscope was withdrawn from i ts  guide in the top side 
These served to realign the end m i r r o r s  of the ruby laser  oscillator. 
of the tank and the tank was sealed. 
The alignment of the laser  was always verified before each recording 
This was usually done while the engine was being prepared of a hologram. 
for tests. 
After the alignment was checked, a loaded film cassette was  placed in 
the camera.  
the cassette was removed. 
The window shade shutter was cocked and the dark slide on 
The operating personnel viewed the firing of 
the engine from the blockhouse. 
The run was controlled by M r .  John Short, the test director. Just  
prior to the firing of the rocket engine, the laser  capacitor banks were 
remotely charged, the laser  was fired, and the emission was monitored. 
The oscillogram recorded the relative integrated emission. 
performance was compared against what was  known to be correct.  
satisfactory, John Short was notified, the tanks were pressurized and the 
engine was fired. 
shutter 
w e r e  then executed by the sequence timer which also controlled the firing 
of the rocket engine. As soon as the a rea  was cleared for reentry by the 
range. safety officer, the cassette was removed from the holocamera and 
the plate either immediately developed or stored for later processing. 
The systems were then prepared for the next recordings. 
The laser  
If xc 
The operations of opening and closing the capping 
and releasing the window shade shutter (which f i red the laser )  
I 
. Vibration remains a continuing source of concern, primarily since 
it can rnisalign the mi r ro r s ,  with the result  that the laser will not emit. 
To minimize such effects, wheelbarrow inner tubes were placed under 
the four legs supporting the holocamera. This has proven most satis-  
factory so far. 
. 
‘Figure 3-3  shows examples of these proof tests along with actual l a se r  
performances during the run. 
c 
- 10- 
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3.2 PHASE I1 PREPARATIONS 
With the completion of Phase I, the l a se r  holocamera, electronics, 
and water circulation system were returned to the Physical Research 
Center of TRW Systems. 
lenses were removed, cleaned, and reassembled, All the m i r r o r s  in the 
holocamera and the optical surfaces in the ruby laser  illuminator were 
checked for erosion and cleaned. 
During the interim period, the 15-inch diameter 
A major change was the replacement of the original wedge beam 
splitter by one of less  reflectivity. The original had a plane polished 
1 
glass surface with the underside coated with a soft magnesium fluoride 
antireflection coating. 
on both surfaces. 
The new beam splitter was antireflection-coated 
Other changes included the addition of two 50 percent attenutating 
One plate was mounted before 
The other was mounted 
The result  was an attenuation of the 
glass plates in the reference beam path. 
the exit beam side of the main support column. 
before the f i rs t  reflecting mir ror .  
reference beam intensity by one-eighth. 
the new wedge beam splitter served to equalize scene-reference beam 
intensity ratio a t  the plane of the hologram. 
3.3 COMBUSTION CHAMBERS 
This change plus the addition of 
The liquid propellant engines used under this phase of the program 
consisted of the same basic injector assembly used in Phase I, but was . 
enclosed in an acrylic combustion chamber of 3-inch I. D. and 6-inch 
ngth (Figure - -  3-4). -Two . different impinging stre.am unlike doublets 
were attached to the head end of the combustion chamber. 
elements consisted of a pair of equal diameter orifices and used either 
0. li'3-inch o r  0.0986-inch diameter tubes. 
injector was approximately 100 to assure  fully developed turbulent flow. 
Both injector 
The L/D ratio for each 
At the downstream end of the acrylic combustion chamber, hear . 
sink steel throats were bolted'in place. 
were used. 
diameter. 
stand a r e  shown in Figure 3-5. 
Two different size throat sections 
The nozzle throats employed were 1.60 and 0.919 inches in 
Photographs of a typical engine assembly installed on the test  
The two photographs of this figure show a 
'ew. of. the acrylic chamber installation. As may be seen 
A-.-- L ' - L  i Le*. 
. .  
3 4 
I .  
m 
Q) 
k 
. Figure 3-5. Front and rear photographs of the test  rocket engine with 
acrylic walls. 
the holocamera just before the electric capping shutter. 
Note the, sc reens  attached to the motor and parallel  t o  its 
axis. The block scene light was not passed through the 
The engine is mounted in the scene beam of 
. 
= :  combust ion r e g i on. L -  
-13- 
from these photographs, the engine is centrally located with respect to the 
holocamera scene beam and in addition, positioned adjacent to the capping 
shutter covering the scene beam port of the housing structure. 
The photograph in Figure 3-6 shows a alternate test  engine configura- 
tion. In this instance, the combustion chamber consists of a steel  cylin- 
drical section (in place of the acrylic) with a porting arrangement for the 
accommodation of 1 inch diameter pyrex windows. This engine test  con- 
figuration was used for  a limited number of firings and demonstrated the 
superiority of pyrex over acrylic, However, the view of the combustion 
phenomena was greatly restricted in comparison with the all-acrylic 
chamber. 
For  maximum viewing, the acrylic cylindrical section between the 
injector plate and the steel  throat was used. 
cylinders as shown in Figure 3 - 5 .  The 0.4-inch wal l  was  chosen on the 
basis of the tensile strength of plexiglass a t  a temperature of 18OoC and 
2 a chamber pressure of 300 lbs/ in  . 
TRW provided 24 acrylic 
The erosion of the acrylic walls by the combustion phenomena 
essentially determined the quality of the resulting holograms, Holograms 
of combustion with N204 and 50-50 blend and with a large orifice injector 
were little more  than holograms of an internally mottled plexiglass cylinder. 
A photograph of one of the used chambers, is shown in Figure 3-7 
and corresponds to Run Bll58. 
combusting spray fan. The oxidizer side was the more heavily eroded. , 
In general, we learned to put the oxidizer a t  the r ea r ,  letting the erosion 
serve to diffuse the scene light. 
hologram. 
The vertical s t r ip  locates the plane of the 
The fuel was on the side closest  to the 
. After use, an  acrylic chamber could be salvaged by turning and 
polishing the inside diameter with a lathe. 
to a 0.200-inch wall. 
One chamber was turned down 
It  was used without failure o r  rupture (Run B1170). 
A few tests were tr ied with steel cylindrical chambers with 1-inch 
diameter pyrex windows, i.e., runs €31623-Bll27, B1131-81163 and 
B1164. 
ratio was adjusted to accommodate the attenuation of scene beam by the 
combustion phenomena. 
angle, showgd th 
The latter two were taken after the reference beam-scene beam 
The reconstruction, although limited in viewing 
lass  as a m e  of viewi-ng this c,ombus - 
* 2-. o.... Y _ ' .  . I.- -L .  c -  
J 
1 -  * 
. .  
tion phenomdenk. !,r FZ!GCL 3 G F K C  :1",;,t - ;',-zs :lot p?-ssed thro-2$-I the 
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3.4 INSTALLATION O F  THE HOLOCAMERA 
Figure 3-7 
Photograph of one of the acrylic 
chambers after use. This was 
Run B 1158 in which erosion 
was mild. The fuel was acid- 
UDMH precooled, and with the 
smaller  0.0986 inch orifices. 
Other chambers were completely 
translucent. 
With the initiation of Phase 11, the holocamera, console, cooler, 
etc., were returned to the J P L  Rocket Test  Site a t  Edwards, California, 
on April 11, 1968. 
The holocamera was mounted on the rubber vibration isolators 
astride the 3-inch I.D. engine. 
sible to the entrance port of the holocamera, maximizing the three- 
dimensionality of the recorded scenes. 
to the sequence timer in the JPL-ETS blockhouse. A photograph of the 
experimental Phase  I1 setup i s  shown in Figure 3-8. The rocket motor 
was fired into a 6-inch s teel  pipe to minimize forces  on the holocamera 
support. Also seen in the picture i s  the "Saran" window over one of the 
ports in the l a se r  housing. This was for registering the laser  firing on 
a Fastex camera recording of the combustion phenomena. 
camera i s  not seen in the photograph since i t  was to the right of the 
holocamera. 
The engine-was located a s  close as pos- 
The electronics were reconnected 
The Fastex 
-16 
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4.1 COMBUSTION HOLOGRAPHY 
The Phase I effort is summarized by the. data compiled in Tables 4-1 
Table 4-1 applies to the tests in which N204 and a 50-50 blend of and 4-2. 
N2H4 and UDMH was used as the propellant. In this table, the f i r s t  14 
columns were prepared by the JPL staff. The column headings give the 
run number, date, time, viewing angle, tank pressures ,  flow rates ,  
subsidiary photography, whether a recording was a hologram or  a photo- 
graph, propellant temperatures, etc. 
size, nozzle diameter, chamber wall ,  and other information a r e  given. 
The las t  four columns were prepared by the authors and relate to the 
holography. The column entitled, "Laser Performance" is a summary 
of the laser  behavior as monitored with the photodiode and oscilloscope 
(see Figure 3-3  for examples). 
D a double pulse, and M multiple pulsing. 
followed by the deflection of the oscillogram in volts, which is propor- 
tional to the energy of the laser  pulse. As noted ear l ier ,  double and 
multiple pulsing were the' result of mir ror  misalignment in the laser  
oscillator. 
In the "Remarks" column the orifice 
In this column S denotes a single pulse, 
The letter symbols were 
The column entitled, "Emulsion Type and Development" gives the 
plate o r  film type used to record the event and the development time of 
each (i.e., where recorded). The next-to-the las t  column is a statement 
by the authors of the quality of the recorded hologram. The last column 
attempts to follow the variations in the scene and reference beam ratio 
throughout the Phase I1 effort. Thus, for Run B1131, the figure 118 
denotes that the reference beam was attenuated by effectively three 50 
percent glass attenuators. As noted ear l ier ,  this was needed along with 
the antireflection-coated beam- splitting wedge to give an approximately 
1 :1 scene-reference beam ratio. 
Table 4-2 is ' the same as  Table 4-1 except that it summarizes the 
tests which used fuming nitric acid (FNA) and UDMH as the propellant 
combination. It was during this sequence that the best holograms were 
recorded. Erosion of the acrylic chambers was not as great, and the 
scene-reference intensities were properly rnisbalanced to deal with the 
scene light attenuation. - 18- 
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Tables 4-1 and 4-2 a r e  
Runs B1123-B1128 cover the 
the engine by the JPL staff. 
thus a concise history of the Phase 11 efforts. 
preiiminary operation and proof testing of 
B1129 and B1130 mark  the first attempts to 
record holograms of combustion within a chamber. 
oscillogram of the photodiode output showed that the l a se r  did not emit. 
Holograms were recorded on Runs B1130 and B1131, although the emis- 
sion was errat ic .  A search of the electronics 
showed that the filament in one of the FX227 hydrogen thyratrons in the 
l a se r  control unit had burned out. * 
resulted in reliable performance which lasted for the remainder of the 
In both cases, the 
Run B1133 was a failure. 
Replacement of the defective tube 
Phase I1 effort. 
Run B1136 was the first attempt a t  a hologram with an acrylic 
The reconstruct was dark everywhere except close to  the chamber. 
injector plate. Here there was a faint reconstruction, indicating that 
some scene light had penetrated the combustion region, P r io r  to the 
next run, the reference beam intensity was decreased another 50 percent. 
The reconstruction showed m o r s  penetration. Next, a Kodak neutral  dens- 
ity filter and a 50 percent glass attenuator plate were added into the ref- 
erence leg (pr ior  to  BII39). 
ly visible. The last t e s t  of the day, one of the -3 cm lenses in the beam 
expanding telescope was removed to strengthen the intensity of the laser 
illumination. This misaligned the holocamera somewhat. The reconstruc- 
tion was quite opaque. 
I 
The reconstruction showed the fan to be bare- 
f .  
* 
these combustion attempts. 
l a se r  end m i r r o r  mounts and monitored (i. e. , runs B1131-B1136). The 
tests showed that the forces felt by the m i r r o r  mounts were  greater  than 
with the open flame tests, but still smaller than those fel tby the m i r r o r  
by the discharge of the flash lamp. 
(seen in Figure 3-8)  was mounted to catch the exhaust f rom the engine, 
shielding the support members  of theholocamerafrom direct  impingement 
by the rocket exhaust. 
Vibration was suspected as the reason for the failure of the l a se r  during 
The accelerometers were connected to the 
At this time, the large steel  pipe 
.. 
i 
The results a r e  encouraging, and a se r i e s  of l a se r  tes t  holograms 
(not listed in the tables) were  conducted to ra i se  the scene-reference beam 
ratio to the highest value permitted by  film sensitivities. 
shields were mounted around the rocket- engine (seen in Figure 3 - 6  and 
3-8) so as to block scene light not incident on the plexiglass walls. 
In addition, 
Simultaneously, the large injector orifices were  replaced by ones 
of smaller  diameter. 
reconstruct the full fan and a reas  downstream. 
of the hologram reconstructed because of the uncollimated illuminating 
beam. 
ground glass diffuser was removed. 
one-third that of the previous run. The plate required 15 minutes of 
development, with the result that the reconstruction lacked contrast. 
The next run (B1141) was the f i r s t  hologram to 
Only a 2-1/2 inch square 
The telescope was recollimated before the next run, and one 
For  B1142, the laser emission was 
In 
other respects the reconstruction was all right, and occurred over a 
3-1/2 inch a r e a  of plate. B1143 was faint, but otherwise satisfactory. 
Fo r  the next run (B1144), the la rger  orifices were used. The heavier 
erosion resulted in a hologram which again reconstructed only near  the 
injector plate. 
the oxidizer s t r eam was .on the side of the engine closest  to the hologram. 
Again, penetration of the scene light was poor. 
Before the nest run, the injectors were rotated so  that 
Before the next tes t  (B1147), all of the diffusers were removed 
along with one glass reference beam attenuator. 
tors  were  rotated 180 degrees s o  that the fuel was on the side closest  to 
the hologram. 
severity of the acrylic erosion. 
The larger  orifice injec- 
The result  was a better hologram, but st i l l  showed the 
The reconstruction was dark. 
The large diameter orifice injector was again replaced by the 
smaller diameter unit. 
and i t  reconstructed poorly. 
The next hologram was overdeveloped in.3 minutes 
The next firing (B 1149) resulted in a I'beautiful" reconstruction. 
Reconstruction photographs of the hologram made during this run are 
shown in Figure 4-1. The reconstruction of this hologram had one defect. 
It reproduced the "bright sun" effect caused by the undiffused scene beam. 
In other respects,  the reconstruction was most  satisfying. 
-25-  
-26- 
The injectors were  then rotated 90 degrees for a fan eage shot. 
The result  was good, except for the "sun effect" and for the general 
erosion. 
The next two runs (B1151-Bl152) were  made with the larger or i -  
fices; they were good as holograms, but showed essentially too heavy 
erosion effects. 
using preheated propellants. 
better results for  Runs B1152 and B1153. 
The second was more  eroded, perhaps as a result  of 
A change to smaller orifices again gave 
In the latter,  the l a se r  mul- 
tiple pulsed, the second pulse being < l o  percent of the pr imary short  
pulse. A final test  with the large 
orifices, B1155, completed the Phase I1 tests with the N204 oxidizer. 
The propellants were changed over to the FNA and UDMH com- 
* 
No obvious fringes could be seen. 
bination. 
after the pr ism plate to result  in more  diffuse scene light. 
beam intensity was increased by a factor of two. 
Also, the glass plate with a single ground surfzce was placed 
The reference ** 
The first run (B1156) produced a good hologram. The next run (with 
precooling of the propellant) produced a hologram which can only be 
described as beautiful! 
oscillogram indicated that the l a se r  did double pulse. 
showed no fringes indicating further that in the 80P second interval between 
the two pulses the optical path length must  have changed more  than several  
hundred wavelengths. 
The following run (B1158) with an  edge view was a single pulse and 
excellent. 
I t  was one of the best  of the Phase I1 efforts. The 
The reconstruction 
The second pulse was much smaller than the first. 
The next two holograms were made using the larger orifices. The 
injector was oriented for  a fan edge view. The reconstruction showed the 
increased erosion caused by propellant impingement on the chamber wall 
in view and presumably by the increased mass flow obtained with the 
l a rge r  orifice injector. 
* *  
which indicated a single l a se r  pulse. ** 
of the program. 
A check firing of the l a se r  right after the run produced an oscillogram 
This scene-reference beam combination was used throughout the r e s t  
- .  i  - 7  I - = -  
4 .  
3 3  
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The remaining runs all produced holograms which showed excellent 
reconstructions. The photographs of Figure 4-2 illustrates the recon- 
struction of the hologram made during Run B1161 (0. 173 inch diameter 
injection orifices). The propellants were FNA and UDMH. The left-hand 
photograph in this figu're was made by focusing on the (closest) chamber 
wall and illustrates the mottled appearance of the eroding chamber wall. 
The right-hand photograph was made with the copy camera  focused on the 
combustion fan plane. Much of the combustion detail is degraded o r  
obscurred by the poor optical qualities of the melted acrylic. 
Figure 4-3 is a ser ies  of four reconstruction photographs of firing 
B 1162. Run B 1162 produced one of the best  quality holograms during 
the Phase I1 effort. This is  a fanplane view of FNA-UDMH combustion 
using the 0. 0986 inch diameter orifice injector. The copy camera  was 
focused on the near  side chamber wall in the left-hand photograph. 
extreme right-hand photograph, the camera was focused on the opposite 
o r  far side chamber wall. The intermediate photographs were  made a t  
different planes within the combustion scene. 
tion photographs serves  to illustrate the depth-of-field feature of holo- 
graphy. 
photographs is degraded by the mottled condition of the acrylic chamber. 
In the 
This s e r i e s  of reconstruc - 
As in the preceeding illustration, definition in this series of 
The photographs of Figure 4-4 were also made f rom the reconstruc- 
tion of hologram B1162. 
different viewing angles of the hologram with respect to the copy camera.  
Adjacent photographs can be viewed stereoptically. 
In this instance, the photographs were taken at 
. For Runs B 1163 and B 1164, the steel  combustion chamber with l-inch- 
diameter side windows was employed. 
gave, on reconstruction, t'knot-holelt views of a tiny volume of the com- . 
bustion region. 
cylindrical acrylic chambers, 
with a heavy translucent deposit; the deposit, however, washed off with 
water.  
point. 
this region. 
The holograms were good, but 
Definition although limited, was better than with the 
A t  the end of a run the windows were covered 
For  Run B1164, the window was moved closer  to the impingement 
Penetration was poor, but this has historically been the case in 
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Figure 4-4. Three photographs of the B1162 hologram taken a t  dif- 
ferent  viewing angles. 
viewed s te reo ptic ally. 
Adjacent photographs can be 
I 
Run B1166 was the l a s t  hologram of the Phase I1 effort. This run 
was made with large orifices and although heavy erosion resulted, a 
good hologram was recorded. 
Some true holographic interferograms were attempted, both of 
combustion and of air. F o r  these holograms the plate was exposed before 
and coincident with the event. In B 1165 the attempt failed either because 
of vibration o r  because the scene-reference beam intensity ratio was  too 
- - 
great  when the rocket engine did not fire. 
tests were a l so  attempted in wh.ich air was blown between the two expo- 
sures .  Fringes could be seen in one, but were  not centered on the or i -  
fice. Vibration was  thought to be the possible difficulty. 
-= - 
In B1167, the fan could be seen, but fringes were indistinct. Some 
One other hologram, BSi71, was attempted of an open flame. The 
hologram was fogged because the capping shutter was not reactivated. Fog- 
ging produced a weak reconstruction. 
,-- 3 I - - -  
4.2 LASER-ILLUMI[NATED PHOTOGRAPHY 
In  addition to the holograms, some direct  laser-illuminated photo- 
F o r  these pictures, the holocamera served only graphs were  recorded. 
as a diffuse background illuminator. 
the plate holder; the shutter was opened (i. e . ,  on time exposure) and 
focused on the mid-plane of the combustion chamber (through the curved 
acrylic wall). The regular capping shutter and focal plane shutter in the 
holocamera were used to  shutter the copy camera.  
The camera was mounted before 
The photographs were recorded on Eastman SO243 film using a * 
Schneider Kreuznack Xenar 1:4. 5/ 150 mm lens. The resolution of the 
film (-400 l ines/mm) was greater  than that of the camera  lens. 
photographs were recorded (Runs B1168 and B 1169) and a r e  shown in 
Figure 4-5. The negatives, unfortunately, were overdeveloped. After 
the recording of these photographs, the Fastex camera  was posted in the , 
same place as the photographic camera. 
were made f rom the same viewpoint. 
was held open. 
Two 
Close -up high-speed movies 
For  this run, the capping shutter 
4.3 OPEN FLAME RESULTS 
An open flame photograph, B1171, and an open flame hologram, 
B 1172, were also recorded. 
oxidizer and fuel flow rates  as the ear l ier  photographs. 
shows the open flame photograph made during Run B1172. 
These were taken a t  essentially the same 
Figure 4-6 
Photographs 
of the reconstruction of the open flame hologram have not been included; 
the hologram was of poor quality because i t  was fogged. Fogging _ - - -  - 
d because the capping shutter was left in the open position from 
the preceding Fastex run. 
During the final test day, six*'separate firings were made with 
major  equipment changes between each. 
the las t  test  of the day. 
although the fogged hologram does reconstruct, i t  is not of top quality. 
The open flame hologram was 
The capping shutter was riot reactivated and 
* 
Courtesy of William Tibbitts of JPL-ETS (lens No. 7289318). 
-32- , .  
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I 4-5. Direct laser  photographs of combustion within an acrylic 
chamber using F N A  and U D a H  as  propellants. 
used a Schneider Kreuzn&%%enar 1 :4.5/ 150 mm lens. 
runs were B l l 6 8  and B1169. 
The camera 
The 
- d  
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5. RECONSTRUCTION APPARATUS 
In the period between the end of Phase I and the beginning of 
Phase 11, a simple apparatus was built to view the holograms produced 
with the holocamera built under the program. Basically, the apparatus 
is little more than a wooden box which contains a helium neon l a se r  
(either a Spectra Physics Model 124 or  a Radiation Physics ModelRPI-7S), 
a diverging lens (a Spectra Physics Model 332-Spacial Fi l ter  o r  a 25SMi- 
croscope Objective), two front surface m i r r o r s  to redirect  the gas laser  
beam, and a 5-inch diameter, 24-inch focal length collimating lens. 
of the redirecting m i r r o r s  is spring-mounted s o  that the illuminating 
One 
beam can be centered on the hologram. 
mounted far enough from the optics so that the observer does not see 
distracting reflections. The reconstruction, therefore, appears in a 
The 4 x 5 inch hologram is 
I very dark region of the box. 
A photograph of the assembled reconstructor is shown in Figure 5-1. 
The observer sees  the reconstructed scene within the box at an angle 
of 45 degrees relative to the horizontal. 
1 
i 
Figure 5- 1. Photograph of the apparatus used to 
reconstruct holograms recorded in 
the JPL holocamera with a 45O scene- ” .  
aIreference beam angle. 
. . .  
-35- 
Figure 5-2 shows photo- 
graphs of the reconstructor 
with the side panels removed. 
In the lower photograph, the 
Spectra Physics laser  is 
shown mounted inside the 
box along with the power 
'supply. In the upper photo- 
graph, one sees the colli- 
mating lens. 
* 
The reconstructor is 
simple in construction and 
greatly facilitates the sys-  
tematic viewing of a large 
number of holograms. It 
can only be used for holo- 
grams made in the apparatus 
shown in Figure 3-1 since 
a universal hologram recon- 
structing apparatus does 
not exist . 
Figure 5-2. Photographs of the recon- 
struction apparatus with 
the sides removed, showing 
the internal mounting of a 
Spectra Physics Model 124 
helium-neon gas laser  and 
beam-forming optics. 
* 
The mounting of the power supply is  not satisfactory because of the lack 
of sufficient circulating air. 
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4. CONCLUSIONS 
The Phase I1 experimental program demonstrated the feasibility of 
making holograms of hypergolic liquid propellant combustion within 
transparent chambered rocket engines of approximately 3-inch inside 
diameter. In addition, this phase: 
a) Demonstrated the severe attenuation of the 0.69~ ruby 
illumination light by the combustion processes in engines 
of this size and propellant flow rates 0. 3 to 1.0 lb/sec 
b) Showed that holograms could be recorded by increasing 
the scene and reference beam ratios to compensate for 
the scene beam attenuation 
Demonstrated the erosion of acrylic by the combustion 
process 
c )  
d) Demonstrated that the oxidizer caused the erosion 
e) Showed the superiority of pyrex over acrylic to res i s t  
thermal and corrosive attack by the combustion process 
It should be noted that a greater number of high quality holograms 
This was primarily were’recorded during Phase 11 than during Phase I, 
due to better control of the scene-reference beam ratios. Also, our 
own familiarity with the operation of the holocamera and working a t  JPL-  
ETS contributed to the greater success of this phase. 
1 
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